Objectives-To determine the intrasession reliability of femoral cartilage thickness measurements using sonography and extend the pool of normative data for cartilage thickness measurements assessed by sonography.
I
n recent years, sonography has been increasingly used to assess cartilage thickness. A commonly adopted technique is axial suprapatellar ultrasound imaging, [1] [2] [3] [4] [5] [6] although longitudinal ultrasound scanning of the knee has also been used. 7, 8 Despite its emergence as a method to assess trochlear cartilage thickness, to date, only a few studies report the validity (through the comparison of sonographic measurements with cadaver specimens or magnetic resonance imaging [MRI] ) and reliability of sonographic evaluation of cartilage. [7] [8] [9] Previous studies using sonography to measure trochlear cartilage thickness have utilized either a young adult sample 4, 5 or have been confined to clinical populations. 2, 3, 10 Therefore, the value of sonographic measurement of trochlear cartilage thickness in a healthy adult sample is restricted by limited normative data. Further examination of the accuracy and repeatability of this technique is required to establish whether sonography can be used as an effective tool to measure trochlear cartilage thickness. Overall, the ability to reliably measure trochlear cartilage thickness may offer an important tool for the assessment of patellofemoral disorders, such as patellofemoral pain syndrome, chondromalacia patella, and patellofemoral knee arthritis, in both a clinical and a research setting.
The primary aim of this study was to assess the intrasession reliability of cartilage thickness measurements using sonography. Measurement precision was also assessed to identify the smallest change that can be considered actual change and not just a result of a test-retest error. A secondary aim of this study was to also extend the pool of normative healthy adult data for cartilage thickness measurements assessed by sonography.
Materials and Methods

Study Participants
Seventy-seven healthy volunteers (55 men, 22 women), with an average age of 43 ± 18 years, and with an average body mass index (BMI) of 24.9 ± 3.2, were enrolled. Participants were targeted through word of mouth, poster advertisement, generic e-mails, and social media from the Bangor University community and the surrounding North Wales area. The inclusion criteria of entry to the study included being (1) healthy, (2) male or female, and (3) aged between 18 and 80 years. Exclusion criteria included (1) a diagnosis of osteoarthritis (OA), rheumatoid arthritis, or other inflammatory diseases; (2) history of knee malalignment (varus/valgus) greater than 15 ; (3) previous knee injury (including meniscus tear or ligament damage or tear); (4) recent fracture of lower extremity (within the past 6 months); (5) current or prior use of lipid-lowering therapy, corticosteroid injections, or high-dose oral steroids; (6) current or past (within the past 4 weeks) glucosamine and/or chondroitin supplementation use; and (7) pregnancy. This study was approved by the local Research Ethics Committee (School of Sport Health and Exercise Sciences, Bangor University) and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants.
Experimental Protocol
Participants were required to visit the School of Sport, Health and Exercise Science, Bangor University, on 2 occasions with each session lasting approximately 60 minutes. During the initial visit, participants completed a medical and basic physical activity questionnaire. Anthropometric measurements (body mass and height) were also assessed using a calibrated balance beam scale (SECA, California Seca GmBH & Co Kg, Hamburg, Germany) and wall-mounted tape measure (SECA), respectively. Sonography was subsequently used to obtain images of the femoral articular cartilage as outlined below. All participants completed their first and second visits at the same time of day and within a 7-day period. Participants were also asked to refrain from any strenuous physical activity for 48 hours prior to each visit.
Sonography
The ultrasound assessment was performed using a 12-MHz linear-array probe (Esaote S.P.A. MyLab50 ultrasound; Firenze, Italy) and acoustic coupling gel (Aquasonic 100, Parker Laboratories, Inc, Fairfield, NJ) following a period of 15 to 30 minutes of seated rest. With participants lying in a supine position, and with the knee maximally flexed, the superior margin of the patella was located and a line was marked on the skin using a washable marker at the point immediately above the superior margin of the patella and at 1-cm intervals in a superior direction. The transducer was placed in a suprapatellar transverse position, perpendicular to the bone surface and orientated to optimize the ultrasound image. 5, 9 The location at which the cartilage thickness of the intercondylar notch appeared greatest was marked on the skin and recorded to enable the examiner to return the transducer to the exact location for all subsequent scans. The same researcher performed all sonographic scans following training by a consultant rheumatologist with expertise using this technique.
Ultrasound images were analyzed by Image J software (National Institutes of Health, Bethesda, MD) to determine the minimal cartilage thickness. The distance from the thin hyperechoic line formed at the synovial space-cartilage border to the line formed at the cartilage-bone border was used to measure minimal cartilage thickness at the lateral facet, medial facet, and intercondylar notch. Anatomic reference points used in the present study corresponded to the midpoint of the intercondylar notch, and 1 cm apart in the medial and lateral directions was used as an estimate of the cartilage thickness at the medial and lateral facets, respectively. 11 Naredo and colleagues 9 previously demonstrated good reproducibility in femoral cartilage thickness measurement when using comparable anatomic reference points. Prior to analysis, all images were deidentified by a second researcher for blinded analysis. Based on the pixel resolution (15.8 pixels/mm) of the images captured by sonography, the ImageJ software allowed images to be measured to an accuracy of greater than one tenth of a millimeter, or more specifically, one pixel was equal to 0.06 mm. The cartilage thickness of each image was measured in triplicate and an average of the 3 measurements was used for all data analysis. As required, the image contrast was adjusted to assist in appropriately identifying the hyperechoic line formed at the synovial space-cartilage border to the line formed at the cartilage-bone border.
Statistical Analysis
Reliability Analysis Agreement between measurements was evaluated using a 1-way mixed, absolute agreement type, intraclass correlation coefficient (ICC). 12 Intraclass correlation coefficient values can be classified as low (0.20-0.49), moderate (0.50-0.69), high (0.70-0.89), or very high (0.90-1.00). 13 Paired t tests, together with Bland-Altman plots, were used to provide an indication of the systematic error.
14 The standard error of measurement (SEM) and the SEM% were calculated as previously described. 15, 16 SEM and the SEM% were used to establish the measurement precision between visits 1 and 2 and to provide a measure of the smallest value that represents a real change in a group of individuals. Furthermore, to calculate the smallest error in a single individual score, the smallest real difference (SRD) and SRD% were also calculated as previously described. 17 All analyses were initially completed using the full data set. Finally, a split-group analysis was performed for each of the following groups: young adults (18-25 years of age), middleaged adults (26-50 years of age), older adults (≥51 years of age), male-only, and female-only groups. This analysis provided an opportunity to determine whether age or sex of the participant influenced the level of intratester reliability and measurement precision.
Analysis of Normative Cartilage Thickness Data
Independent t tests were used to determine differences between measurements made on the right and measurements made on the left knee. If data were not available for either the right or left side (ie, a measurement could not be made for 1 of the locations), both visit 1 and visit 2 data points were removed to ensure an equal sample size. Simple linear regression analyses were performed to determine the relationship between mean cartilage thickness of the right knee (at each location) and participant characteristics (age, body mass, height, and BMI). Multiple linear regression models were subsequently used to explore the relationship between cartilage thickness (at each location) and potential risk factors, including age, BMI, female sex, and high frequency of weekly physical activity. Physical activity was considered "high" when participants completed structured exercise training on a minimum of 5 days per week. In addition to multiple regression, mean cartilage thickness between sexes was also assessed by creating an equalsized (n = 17) sample matched for age and BMI. Independent t tests were used to determine whether cartilage thickness differences existed between men and women at each measurement location (intercondylar notch, lateral facet, medial facet). For the multiple comparisons of cartilage thickness among the 3 locations, Bonferroni corrections were used with P less than .016 (0.05/3) for statistical significance. Finally, a 1-way analysis of variance was used to assess the differences in cartilage thickness measurements at each measurement location. The left side was not used within the analysis of normative data, as the side-to-side differences were found to be small and within measurement error in the present study. Moreover, others have reported limited side-to-side differences in femoral cartilage thickness measurement and have advocated the use of unilateral OA models in research. 19 
Results
The results from the sonographic measurement of cartilage thickness and participant characteristics are displayed in Table 1 . A total of 308 knees were scanned (right and left knees of 77 participants on 2 occasions). This produced a total of 1168 blinded images (77 participants were imaged 3-4 times per side on 2 occasions, ie, visit 1 and visit 2). Some individual images could not be measured, as the hyperechoic line formed at the synovial space-cartilage border and/or cartilage-bone border could not be clearly delineated. Thus, it was not possible to confidently measure cartilage thickness for 129 (11%), 180 (15%), and 221 (19%) of the available images for the intercondylar notch and medial facet, and lateral facet, respectively. For the cartilage thickness reliability to be assessed a minimum of 1 image per location was required. Overall, cartilage thickness could be measured in 306 knees (99.4%) at the medial facet, 304 knees (98.7%) at the intercondylar notch, and 296 knees (96.1%) at the lateral facet.
Reliability Analysis
The ICC and 95% confidence intervals for the data are shown in Table 2 . The ICCs indicate that the level of agreement at all locations was high (ICC, 0.779-0.843), with the highest at the intercondylar notch, followed by the medial facet and then the lateral facet. Subsequent analyses revealed that the level of agreement between measurements was considerably improved when considering younger participants (≤25 years of age) only (Table 2 ). In addition, the image quality and clarity were typically better in younger individuals, as highlighted in Figure 1 . Results also demonstrated that the intratester reliability of cartilage thickness measurements was generally similar when male and female groups were analyzed separately ( Table 2) .
Systemic variation in cartilage thickness measurements at the notch, medial facet, and lateral facet are shown by Bland-Altman plots ( Figure 2 ). The plots suggest that slightly higher variation (ie, heteroscedasticity) may exist for higher cartilage thickness measurements, particularly at the notch and medial facet. Moreover, results of the paired t tests showed no significant difference in cartilage thickness between visit 1 and visit 2 for the medial (1.83 versus 1.82 mm; P = .760) and lateral facet locations (1.81 versus 1.81 mm; P = .860). However, at the intercondylar notch, a small but substantially greater cartilage thickness measurement was obtained at visit 2, thus indicating that measurements made during the second visit may be systematically higher compared to measurements made at visit 1 (2.03 versus 2.08 mm; P = .016). When data were split based on the age of the individuals, paired t tests (visit 1 versus visit 2) did not reveal any systematic differences in measurements Roberts et al-Femoral Cartilage Thickness Evaluated by Sonography made in young participants. Furthermore, although mean differences in cartilage thickness measurements tended to be slightly higher in middle-aged and older participants at most measurement locations compared to the young group, a substantial difference between visit 1 and visit 2 was present only at the intercondylar notch in the middle-aged participants.
Measurement Precision
The SEM is provided for each location in Table 2 . The value ranged from 0.15 to 0.17 mm for all locations. In agreement with the ICC analysis, the SEM was lowest in the split-group analysis of young participants only (Table 2) . Moreover, the SEM%, which provides a measure independent of units, indicates that differences in groups of individuals above 8.2% to 8.3% can be considered a real change and not the difference associated with measurement error. Overall, the SEM% values for all analyses (Table 2) provide evidence of a relatively low range (5.4%-9.6%). Moreover, the smallest real change is the measurement error in a single individual cartilage thickness. 
Sonographic Assessment of Cartilage Thickness
Femoral cartilage thickness did not differ between the right and left intercondylar notches, or between the right and left medial facets. Although differences were observed at the lateral facet between the left and right knee (1.78 versus 1.88 mm, P = .04), the difference was small (5.6%) and within the SEM. For this reason (and as previously stated in the methodology), normative data analyses were based on the right side only. Age was found to have a negative relationship with lateral cartilage thickness in men ( Figure 3A) . Participant weight was found to have a positive relationship with cartilage thickness at the intercondylar notch ( Figure 3C ). When women and men were assessed separately, this positive correlation was found only in men ( Figure 4C ). Participant height was also found to have a positive relationship with cartilage thickness at all locations ( Figure 3B) ; however, when the analysis was separated for men and women, a positive relationship remained between height and lateral facet cartilage thickness in men only. Moreover, a negative relationship between height and intercondylar notch thickness was found in women. In addition, BMI was found to have a negative relationship with lateral and medial facet thickness in men but not women ( Figure 4D ). The correlation coefficient, levels of significance, and regression equation are presented in Figure 3 for the full data set and in Figure 4 for the comparison between men and women. Age, weight, female sex, and high physical activity frequency (>5 sessions per week) were the independent variables included in the multiple regression Figure 1 . Ultrasound transverse image of the femoral articular cartilage demonstrating the difference in image quality and clarity between young, middle-aged, and old groups. A, The "young" group (23-year-old man); B, the "middle-aged" group (44-year-old man); C, the "old" group (69-year-old man). M, location of medial facet; N, intercondylar notch; L, lateral facet. model. This 4-predictor model was able to account for 28.8% of the variance in femoral cartilage thickness at the intercondylar notch [F (4, 59) = 5.953; P < .001; R 2 = .288]. However, sex was the only independent variable to greatly contribute to the model. The beta coefficient (β = -.367) indicates that in this sample the cartilage thickness in women was 0.38 mm lower than in men (P < .01). At the lateral facet, the regression model could predict 16% of the variance in cartilage thickness [F (4, 60) = 2.857; P < .05; R 2 = .160]. As per the previous regression model, sex was the only independent variable to greatly contribute to the model (β = -.253; P = .008). Finally, age, weight, female sex, and a high physical activity frequency at the medial facet could significantly predict 15.1% of the variance in cartilage thickness at the medial facet (F (4, 60) = 2.659; P < .05; R 2 = 0.151). However, again, sex was the only independent variable that contributed to the model (β = -.355; P = .03).
Analysis of the stable model, that is, with sex (a dummy variable) as the only predictor variable, Results demonstrated that cartilage thickness was thicker at the intercondylar notch compared to the medial and lateral facets ( Figure 5 ). However, there was no difference in cartilage thickness between the medial and lateral facets (P > .05). To further assess for differences in mean cartilage thickness between sexes, an equal-sized (n = 17) sample matched for Figure 3 . Variation of mean femoral cartilage thickness at the intercondylar notch, lateral facet, and medial facet, with physical characteristics of the participants. A, Age; B, height; C, weight, D, body mass index. R-value, significance value, and regression equation are also presented with significant findings highlighted in bold. Solid, dashed, and round dot trendline = intercondylar notch, lateral facet, and medial facet, respectively. age and BMI was created. Results demonstrated that mean cartilage thickness was lower in women at the intercondylar notch, lateral facet, and medial facet than that of the matched male group (Figure 6 ). The biggest difference in mean cartilage thickness between men and women was at the medial facet (2.00 mm versus 1.60 mm, respectively).
Discussion
The use of suprapatellar transverse sonography to assess trochlear cartilage thickness is a novel technique, which required the further study into its reliability and accuracy. The purpose of the present study was to ascertain the intratester reliability of suprapatellar transverse sonography of trochlear cartilage thickness in a group of healthy men and women across a wide range of ages. Notably, the present study demonstrates high intratester reliability for trochlear cartilage thickness at the intercondylar notch, medial facet, and lateral facet, as well as a reasonably small measurement error. Additional analysis revealed that both intra-tester reliability and measurement precision reliability were better in young, healthy individuals when compared with older counterparts. are comparable to previously reported ICCs using a very similar standardized protocol in a small sample of flexed cadaver knees (age of death, 76-89 years). 9 Interestingly, in both studies, the level of agreement at the lateral facet was lower compared to the intercondylar notch. One possibility is that the lateral and medial facets are prone to an increased level error related to the inclination and positioning of the ultrasound transducer. 9 This is supported by previous evidence using MRI, which reported that central weight regions often provide greater accuracy than boundary areas. 20 Results in the present study also revealed that intratester reliability was considerably greater in younger individuals compared to middle-aged and older individuals. Given that a limited degenerative change would be expected in young, healthy adults, the increased reliability in young individuals might be due to the trochlear cartilage appearing considerably clearer in young participants. In contrast, image quality in older individuals was often lower, thus reducing the ability of the investigator to delineate images and offer such precise measurements.
Images obtained from this study provided a clear hyperechoic line formed at the synovial spacecartilage border and/or cartilage-bone border that allowed femoral cartilage thickness to be assessed in most but not all cases. Compared to the study by Yoon et al, 8 cartilage thickness could be measured in a greater proportion of knees at the medial facet (98.7% versus 70.6%) and lateral facet (96.1% versus 90.1%) in the current study. Differences in the ability to measure cartilage thickness between the 2 studies are likely to relate to the participants (ie, patients with OA versus healthy individuals in the current study). Several degenerative changes, including roughened and fibrillated articular cartilage, cartilage loss, and asymmetrical narrowing, as well as abnormalities at the subchondral bone have previously been associated with poorly defined hyperechoic cartilage borders. 5, 8 Moreover, despite great care being used to standardize the ultrasound assessment of the knee and to replicate the positioning of both the participant and transducer between sessions, other factors such as poor transducer positioning or movement artefact may also contribute to poor image quality. 9 In the current study, of the 7 knees that could not be measured, individuals were all men, mostly older, and had a higher BMI. These factors and the relationship with the ability to measure cartilage thickness using sonography warrant further investigation.
Femoral trochlear cartilage thickness measurements in the present study were comparable to several previous studies using the same ultrasound methodology in similarly aged healthy individuals. 3, 21 In contrast, others have reported slightly greater femoral trochlear cartilage thicknesses in young (25-40 years), healthy individuals compared to the present study. 5 The present study also found a significantly thicker cartilage thickness at the intercondylar notch compared to the lateral and medial facets. This difference has not been observed to the same extent in several other studies 3, 5, 21 and may be related to differences in biomechanical loading. In addition, femoral trochlear cartilage thickness did not differ between the right and left intercondylar notches or the right and left medial facets. Although differences were observed at the lateral facet between the left and right knees (1.78 versus 1.88 mm; P = .04), the difference was small (5.6%) and within the SEM. Sideto-side differences in thickness have been reported previously; however, differences in cartilage thickness tend to be small (total knee joint, 3.8% ± 3.1%) with no substantial differences for limb dominance. 22 A previous report indicates good correlations between Figure 6 . Mean cartilage thickness measurements at the medial facet, intercondylar notch, and the lateral facet for both male (n = 17) and female (n = 17) participants, matched for age and body mass index. * Significant difference between groups at P < .01 level. Data are means ± standard deviation. morphologic dimensions of the left and right sides and advocates the use of unilateral OA models in research. 19 The current study also found that women had lower cartilage thickness at all locations compared to men, which is consistent with previous studies using both MRI and sonography. 5, 23, 24 Furthermore, regression analyses in the present study found that female sex was the only variable that could explain the variation in cartilage thickness. The lower trochlear cartilage thicknesses observed in the present study may relate to differences in body size between men and women. This is supported by the current finding that women have thinner trochlear cartilage thickness compared to men after the adjustment for age and BMI ( Figure 6 ), and previously, after adjustment for body height and weight. 24 Differences between men and women may also relate to differences in the sex hormone estrogen, 25 which is understood to act upon estrogen receptors found in articular cartilage 26 and/or to differences in the dynamic loading across the knee joint between men and women. 27 Further analyses demonstrated that age was negatively associated with cartilage thickness at the lateral facet but only in men. Similarly, several studies have previously found aging to be negatively associated with femoral cartilage thickness assessed by both sonography 5 ) and MRI. 28 The results of the current study suggest that the lateral femoral facet might be the most prominent site for age-related change. Furthermore, although age has previously been found to be negatively associated with femoral cartilage thickness in both men and women, 5 the present study suggests that men are more at risk of age-related change in cartilage thickness at the lateral facet. This finding is surprising given that older women are at increased risk of OA 29 and may relate to the small sample of women in the present study.
Anthropometric variables such as body height and weight may also influence trochlear cartilage thickness. In the current study, a positive relationship was found between body height and cartilage thickness for all 3 locations. Several previous studies also found body height to be positively associated, albeit weakly, with cartilage thickness. 24, 28 In contrast, a positive relationship between weight and cartilage thickness was observed only at the intercondylar notch. Moreover, when the relationship was explored separately for men and women, weight and body height demonstrated a different relationship with femoral cartilage thickness. Both body height and weight were shown to have a positive relationship with cartilage thickness at various locations in men, while in women, weight was unrelated to femoral cartilage thickness and body height was negatively related at certain locations. Previous research also demonstrated that neither weight nor height was correlated with femoral cartilage thickness in women, and only body height was positively correlated with femoral cartilage thickness in men. 30 Reasons for the difference between men and women are unknown. However, it appears that the higher joint loads that are related to body size may have a more favorable impact on cartilage thickness of healthy men compared to women. Whether the relationship extends to a group of men with a greater variation in body size remains unclear. The present study also found that BMI had a negative relationship with both lateral and medial facet thickness in men. This supports previous research indicating that having a high BMI may increase the risk of reduced cartilage thickness and knee OA. 31 The results of the current study would suggest that while being either heavier or taller may be positive for cartilage thickness in men, an unfavorable body composition may reduce cartilage thickness. This may also suggest that muscle function and physical fitness may have a key role in cartilage thickness morphology. Although exercise frequency as a measure of physical activity level was not associated with cartilage thickness in the present study, future research, together with more refined measures of physical activity, is required to explore the potential relationship and determine whether a moderation effect exists.
A primary limitation of this study was the inability to determine the validity of femoral cartilage thickness measurements made using sonography with a gold standard such as MRI. Nonetheless, sonography may be regarded as a promising measurement technique that has demonstrated a good agreement in both cartilage thickness measurements made using sonography and MRI 7 as well as sonography and anatomic specimens. 9 Nevertheless, this level of agreement is not a universal finding, particularly when using suprapatellar axial sonography to assess medial facet thickness 8 and when severely damaged knees are included in the analysis. 9 Importantly, caution is warranted when considering the validity and reliability of sonographic measures of cartilage thickness when the sample includes older individuals and individuals with substantial knee OA. In addition, unlike the analysis of MRI, sonographic cartilage thickness measurements are largely limited to the femoral plate and do not offer the ability to assess other morphologic measurements such as cartilage volume. Unlike MRI, the use of sonography to detect changes in cartilage thickness following acute loading is unclear. Although acute changes in femoral cartilage thickness following walking and running have recently been reported, 32 our recent work demonstrated that such change was not a universal finding.
11 A further limitation of the present study relates to the fact that intertester reliability was not assessed. This is particularly important given that the usefulness of sonographic cartilage thickness measurements as a clinical and research tool relies on the ability to make direct comparisons between studies.
This cross-sectional study of the healthy adults, with a wide age range, demonstrates high intratester reliability for all femoral cartilage locations (ICCs between 0.779 and 0.843) and measurement precision (SEM% between 8.2% and 8.3%), which is better in younger adults (ICCs between 0.884 and 0.920 and SEM% between 5.4% and 6.3%). Thus, in younger adults, differences between groups, or because of an intervention, that is greater than 6.3% would represent real difference and not just measurement error. Finally, this study also provides normative data for knee cartilage thickness measured by sonography. Considerable variability exists in the femoral cartilage thicknesses of healthy individuals. However, cartilage thickness appears greatest at the intercondylar notch compared to the medial and lateral facets. Furthermore, the data suggest that women have reduced cartilage thickness compared with men and that both aging and anthropometric measures affect cartilage thickness differently in men and women. This research offers interesting data for the study of the patellofemoral joint.
